were synthesized as mimics of the [NiFeSe] hydrogenase active site (HCp = cyclopentadiene; H 2 pbSmSe = 1,9-diselenol-3,7-dithia-2,2,8,8-tetramethylnonane; H 2 xbSmSe = 1,2,-bis(2-thiabutyl-3,3-dimethyl-4-selenol)benzene). The compounds were characterized by single crystal X-ray diffraction and cyclic voltammetry. X-ray structure determinations showed that in both NiFe complexes the nickel(II) center is in a square-planar S 2 Se 2 environment; the two selenolate donors are bridging to the iron(II) center that is further coordinated to an η .
Introduction
Hydrogenase enzymes, catalyzing the reversible oxidation of dihydrogen, play an important role in the metabolism of bacteria. 1 In the past decades, hydrogenases have attracted the attention of synthetic chemists, since dihydrogen gas may be used as a sustainable source of energy. In order to produce dihydrogen gas for the application in fuel cells, new efficient electrocatalysts for the hydrogen-evolving reaction (HER) may be developed by using biomimetic, functional models of hydrogenases. 2 Three types of hydrogenases are known, which are classified based on the metal center in the active site. The [FeFe] hydrogenases contain a dinuclear iron center linked to an Fe 4 S 4 cluster, comprising CO, CN − and a dithiolate ligand.
These [FeFe] hydrogenases catalyze both H 2 evolution and uptake, but their predominant activity is in H 2 evolution. However, the [FeFe] hydrogenases generally are highly air sensitive. The [Fe] hydrogenases have a mononuclear iron catalytic center and do not contain Fe-S clusters. These enzymes catalyze the transfer of hydride groups and H 2 activation. 3 The third class of hydrogenases comprises the [NiFe] hydrogenases containing a heterodimetallic Ni-Fe active site with a nickel center bound to four cysteine thiolates with two of the cysteines bridging between the nickel and an iron center (Fig. 1a) . 4 Although this enzyme is mostly involved in the uptake of H 2 , it is also able to catalyze the production of H 2 . 3 The [NiFeSe] hydrogenases form a subclass of the [NiFe] hydrogenases, in which one of the non-bridging cysteines (Cys) in the active site of the enzyme is replaced by selenocysteine (Sec) (Fig. 1b) . 5 [NiFeSe] hydrogenases show interesting properties for H 2 production such as their high catalytic rates and their activity at low overpotentials; as they are less air-sensitive they produce H 2 even in the presence of low concentrations of O 2 . 6 Compared to their cysteine homologues the [NiFeSe] hydrogenases have higher catalytic activity in the hydrogen evolution reaction. 3, 7 This difference in activity may be explained by the differences in the physical properties of selenium compared to those of sulfur, such as its higher acidity and higher nucleophilicity, in addition to the lower redox potential of the selenocysteine redox couple. The pK a of Sec is 5.3 whereas the pK a of Cys is 8.3, which may help in the rapid exchange of protons. Selenium is also a softer donor atom than sulfur; the polarizable volume of selenium is 3.8 Å in comparison to 2.9 Å for sulfur. Although these different properties can be the potential causes for the higher catalytic activity of the [NiFeSe] hydrogenases, the exact role of selenocysteine in the [NiFeSe] hydrogenases is still not completely clear. 8, 9 In the past decades a large number of structural and functional models for the active site in [NiFe] hydrogenases have been reported with overpotentials as low as 50 mV. From these studies, it was found that the addition of a cyclopentadienyl (Cp − ) ligand resulted in increased catalytic rates and stability of the catalyst. [10] [11] [12] [13] [14] Apart from these models, a number of mononuclear Ni/Co/Fe complexes and several heterodimetallic [NiRu] complexes have been reported as functional models of the [NiFe] hydrogenases active site. [15] [16] [17] [18] [19] Two heterodinuclear compounds related to our work described in this paper have been reported by Artero and Schröder, comprising NiS 4 centers bound to a {FeCpCO} group ( Fig. 2a and b) . 11, 20 However, so far only one heterodimetallic nickel-iron complex was reported comprising a selenolate ligand coordinated to the nickel center, as a potential model of the active site in [NiFeSe] hydrogenases (Fig. 2c) . 7 In this paper, we describe the synthesis and characterization of two new heterodimetallic nickel-iron complexes (Fig. 3) as mimics of the [NiFeSe] hydrogenase active site. The electrochemical properties and electrocatalytic activity for H 2 production of these NiFe complexes are reported. and single crystal X-ray diffraction for compound (3); the X-ray structure of compound (4) has been reported. 7 The nickel compounds (3) and (4) give rise to sharp resonances in the 1 H Fig. 2 Schematic drawings of the [NiFe] hydrogenase models reported by Artero (a) 11 and Schröder (b), 20 and the first structural model of [NiFeSe] hydrogenases reported by Reisner (c).
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Fig . 3 Schematic drawing of the heterodimetallic compounds described in this paper.
Scheme 1 Synthesis scheme of the selenouronium salts (1) and (2), the mononuclear Ni complexes (3) and (4) and the heterodinuclear NiFe complexes (5) and (6) .
NMR spectra indicating that the nickel(II) centers in these compounds are in low-spin, square-planar geometries, which are retained in solution. Fig. S12-16 †) . Again, the broadening of these signals might be explained by tetrahedral distortions of the square-planar geometry, resulting in a fraction of the nickel centers to be in the high-spin state. In contrast to the mononuclear compounds this distortion is not fluxional, but immobilized by the bridging of the two selenolate donor atoms between the Ni(II) and Fe(II) centers (see below). In addition, the results of the mass analysis and IR spectra (see below) indicate that a dynamic equilibrium may exist of compounds that are the result of a disproportionation reaction of (5) 
Description of the structures
Single crystals of (3) suitable for X-ray structure determination were obtained by vapor diffusion of pentane into a dichloromethane solution of the complex; crystallographic and refinement data are provided in Table S1 . † A projection of the molecular structure is given Fig. 4 and selected bond distances and angles are listed in 21 The square-planar geometry reveals a slight tetrahedral distortion with a dihedral angle of 8.91°, defined by the planes S1-Ni1-S2 and Se1-Ni1-Se2, which is slightly larger than in the thiolate analog having a dihedral angle of 5.17°. 21 This larger tetrahedral distortion in the solid state of the selenolate compound is rather surprising, as the NMR spectra of the thiolate compound are broadened due to the fluxionality of the ligand, which results in the nickel ion in the low-spin square-planar structure to be in equilibrium with a nickel center in a more tetrahedral highspin state. In contrast, the NMR spectra show the selenolate compound to be clearly low-spin and diamagnetic, which may indicate that the tetrahedral distortion in the solid state is merely due to packing effects. Single crystals of the complexes (5) and (6) were obtained by vapor diffusion of diethyl ether into dichloromethane solutions of the complexes; crystallographic and refinement data Table 1 Selected bond lengths (Å) and angles (°) for the complexes (3), (5) and (6) (17) are provided in Table S1 . † Projections of the molecular structures of the heterodinuclear complexes are shown in Fig. 5 ; selected bond distances and angles are listed in Table 1 .
Complex (5) crystallizes in the space group R3 and the crystal lattice contains some amount of significantly disordered solvents molecules. Complex (6) crystallizes in the space group P2 1 /c; the coordination spheres around Ni1 and the CO coordinated to Fe1 are found to be slightly disordered over two orientations. The nickel(II) ions in the complexes (5) and (6) are in square-planar geometries bound to two thioether and two selenolate donor atoms. In both compounds the two Se donor atoms are bridging to the Fe(II) ion, resulting in a NiSe-Fe-Se 'butterfly' core with a 'hinge' angle (defined by the angle between the planes through NiSe 2 and FeSe 2 ) of 120.87°f or (5) (5) and (6) respectively. This distortion seems to be caused by the bridging of both selenolate atoms between the Ni(II) and Fe(II) centers, resulting in larger S-Ni-Se and significantly smaller Se-Ni-Se angles. In both complexes the molecule of CO is directed towards the Ni center with a Ni-C(O) distance of 3.1 Å for complex (5) and 2.9 Å for complex (6) . The major difference between the two heterodinuclear compounds is the relative orientation of the {FeCpCO} group. Whereas in complex (5) the {FeCpCO} group and the bridge between the sulfur atoms are on the same side of the Ni square plane, in complex (6) they are on opposite sides.
IR spectroscopy of the NiFe complexes
The carbonyl stretching bands in the solid state IR spectra of compound (5) whereas the second species would be asymmetrically bridged by only one of the selenolate atoms. In contrast, whereas the IR of compound (6) indicates that a product containing two molecules of CO bound to iron may be present, the mass spectrum of (6) does not show a peak that can be assigned to a fragment [M − (PF 6 ) + (CO)] + . We therefore have to conclude that whereas for compound (6) the product with one CO ligand bound to iron is the most stable one, for compound (5) 7 The relatively lower energy of the CO stretching frequencies in the selenolate compounds has been attributed to an increase of electron density at the Fe center, as the selenolate donor atoms are more electron-donating than thiolate donor atoms. 7 
Electrochemical analyses
The electrochemical properties of the nickel and nickel-iron complexes were investigated using cyclic voltammetry; the relevant data are presented in Table 2 . For the mononuclear complex (3) one reversible reduction wave is observed with an E pc at −2.1 V vs. Fc + /Fc at a scan rate of 200 mV s −1 in DMF (Fig. 6a) , which is tentatively ascribed to the Ni II /Ni I redox 
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This journal is © The Royal Society of Chemistry 2017 21 We could not readily find an explanation for the large difference of nearly 1 V between the observed reduction potential of (3) and the values reported for [Ni( pbSmS)]. Therefore a CV of complex (3) was also recorded in dichloromethane solution (ESI, Fig. S3 †) .
Although the reduction of (3) appeared to be irreversible in dichloromethane, the reduction potential of (3) was found to be similar in both dichloromethane and in DMF solution. 11 The slightly less negative reduction potential for the nickel center in compound (4) relative to that in (3) may tentatively be ascribed to larger flexibility of the 7-membered chelate ring of the xylyl backbone, facilitating a change in redox state of the nickel center. We do not have an explanation for the differences in reversibility of the reduction wave of the nickel centers in (3) and (4), nor for the observation that the reduction wave for (3) . The values have been calculated using Fc/Fc + as an internal reference, which was found to have E 1/2 of 0.54 V vs. Ag/AgCl in our conditions. higher than the i pa . For complex (6) one quasi-reversible wave is observed with an E pc at −1.99 V vs. Fc + /Fc (Fig. 7b) . At first sight it thus seems that the presence of the cyclopentadienyliron moiety does not influence the reduction potential of the nickel(II) ion. In addition for both complexes one small wave is observed at around −1.4 V vs. Fc + /Fc.
In order to better understand the electrochemical properties of the nickel-iron complexes, the electrochemical behavior of [FeCp(CO) 2 I] was also examined (Fig. S4 †) 
Electrocatalytic hydrogen evolution in the presence of HOAc
The activity of the new compounds in electrocatalytic proton reduction was studied using cyclic voltammetry with addition of varying amounts of HOAc to DMF solutions of the Ni and NiFe complexes. The reversible reduction observed for complex (3) with an E pc at −2.1 V vs. Fc + /Fc becomes irreversible with the addition of HOAc (ESI, Fig. S1 †) . On the other hand, for complex (4) the irreversible reduction peak with an E pc at −1.99 V does not change upon addition of HOAc and no catalytic current is observed (ESI, Fig. S2 †) . The quasi-reversible reduction peak of complex (5) with an E pc at −2.1 V vs. Fc + /Fc becomes irreversible with increasing concentrations of HOAc while the E pc shifts to more negative potentials indicating electrocatalytic activity (Fig. 8) . Again, for complex (6) no catalytic wave is observed upon the addition of different equivalents of acid.
To quantify the rate of the hydrogen evolution reaction the foot-of-the-wave (FOWA) analysis was applied. 23, 24 The FOWA analysis was developed by Costentin and Savéant and can be used for the analysis of voltammograms that do not show an S-shaped curve with a fixed plateau current. 23 Using the FOWA analysis a k obs of 24 s −1 was calculated for complex (5) (ESI, Fig. S5 †) . In order to confirm that indeed dihydrogen gas is formed in the catalytic reaction, a controlled-potential coulometry (CPC) experiment was carried out on a 0.5 mM solution of complex (5) 6 a CPC experiment was also run for complex (3) . After 50 min the amount of H 2 produced by compound (3) appeared to be very low compared to the NiFe complex (5); the formed H 2 was barely detectable with a concentration falling out of the lower range of the calibration line. A CPC experiment was also carried out using complex (6) in DMF solution in the presence of HOAc at −1.9 V vs. Fc + /Fc. In this case dihydrogen evolution was not observed and it can be concluded that this compound is not active as an electrocatalyst for proton reduction with a weak acid such as HOAc. In contrast, the complex [Ni(xbSmS)FeCpCO]BF 4 , the thiolate analogue of complex (6), has been reported to be an electrocatalyst for H 2 evolution, which achieved 20 turnovers in 4 h in the presence of the stronger acid trifluoroacetic acid. (5) and (6), whereas the Ni-Se distance in the active site of [NiFeSe] hydrogenase has been reported to be 2.46 Å. 5 The major drawback of the selenium complexes com- 
Experimental
Materials
All experiments were performed using standard Schlenk techniques or in a glovebox under an argon atmosphere unless otherwise noted. Chemicals were purchased from Acros or Aldrich and were used without further purification. Organic solvents were deoxygenated by the freeze-pump-thaw method and were dried over molecular sieves prior to use. The NMR solvent CD 2 Cl 2 for the metal complexes was deoxygenated by the freeze-pump-thaw method and was stored over molecular sieves in a glovebox. The compounds 1,9-dichloro-3,7-dithia-2,2,8,8-tetramethylnonane, 21 bis(3-chloro-2,2-methyl-1-thiapropyl)-o-xylene, 22 and [Ni(xbSmSe)] 7 were synthesized according to published methods. [FeCp(CO) 2 I] was purchased from Aldrich. The synthesis of the [NiFe] complexes is based on a method described in literature. 20 Physical measurements NMR spectra were recorded on a 300 MHz Bruker DPX 300 spectrometer and chemical shifts were referenced against the solvent peaks. Mass spectra were obtained with a Finnigan TSQ quantum instrument using ESI. HRMS was recorded on a Thermo Scientific LTQ Orbitrap XL high resolution FT-MS system. Elemental analyses were performed by the Microanalytical Laboratory Kolbe in Germany. IR spectra were recorded on a PerkinElmer UATR Two FT-IR spectrometer. Electrochemical measurements were performed at room temperature under argon using an Autolab PGstat10 potentiostat controlled by GPES4 software. A three-electrode cell system was used with a glassy carbon working electrode, a platinum counter electrode and an Ag/AgCl reference electrode. All electrochemistry measurements were done in DMF solution with tetrabutylammonium hexafluoridophosphate as the supporting electrolyte. All potentials are referenced to the internal reference system Fc + /Fc, which under these conditions was found at 0.54 V vs. Ag/AgCl in DMF. Electrocatalysis experiments were carried out by adding different concentrations of acetic acid to the DMF solution of complexes. Controlledpotential coulometry (CPC) experiments were done with the same three-electrode cell system and electrodes. CPC experiments were recorded with an Autolab PGstat10 potentiostat controlled by GPES4 software. Gas chromatographic analysis was performed on a Shimadzu gas chromatograph GC-2010 at 35°C fitted with a Supelco Carboxen 1010 molecular sieve column. Helium was used as the carrier gas, and compounds were detected using a thermal conductivity detector operated at 80 mA. The total volume of H 2 produced during the reaction was calculated using a calibration line, which was obtained using the external reference method by injection of known amounts of H 2 into the GC using a Hamilton gas-tight syringe (see ESI Fig. S6 †) . A solution of complexes (5) or (6) in DMF (5 ml, 0.5 mM) was placed into a three-electrode cell and prior to each measurement the system was deaerated by bubbling with helium for 10 min. The system was closed, and the headspace was pumped through the solution for 1 min. Afterward, the headspace pumping was temporarily stopped to allow equilibration of the pressure, then the GC measurement was started with a 0.5 mL sample of the headspace injection. The GC valve and the pump (KNF NMS 010 L micro diaphragm pump) were enclosed in a helium-purged housing to prevent air from leaking into the system.
Crystal structure determinations
All reflection intensities were measured at 110(2) K using a SuperNova diffractometer (equipped with Atlas detector) with Mo Kα radiation (λ = 0.71073 Å) for (3) and Cu Kα radiation (λ = 1.54178 Å) for (5) and (6) Numerical absorption correction based on gaussian integration or Analytical numeric absorption correction over a multifaceted crystal model was applied using CrysAlisPro. The temperature of the data collection was controlled using the system Cryojet (manufactured by Oxford Instruments). The H atoms were placed at calculated positions using the instructions AFIX 23, AFIX 43 or AFIX 137 with isotropic displacement parameters having values 1.2 or 1.5 U eq of the attached C atoms.
Additional notes on the structure determinations (3) The structure was refined in the space group P2 1 . The absolute configuration was established by anomalousdispersion effects in diffraction measurements on the crystal. The Flack parameter refines to −0.002 (5) . CCDC 1537790 contains the supplementary crystallographic data for [Ni(pbSmSe)].
(5) The crystal lattice contains some amount of significantly disordered solvent molecules found in 'channels' along the c direction. Their contribution has been taken out using the SQUEEZE (Spek, 2009 ) procedure in the final refinement. 
Synthesis of ligand precursor (1)
A solution of selenourea (1.2 g, 9.6 mmol) in 10 ml ethanol was added to a solution of 1,9-dichloro-3,7-dithia-2,2,8,8-tetramethylnonane (1,4 g, 4.83 mmol) in 5 ml ethanol; the reaction mixture was refluxed for 30 min. The solution was allowed to cool, and the solid product was isolated by filtration. The product was washed with cold ethanol and diethyl ether, and dried in vacuo yielding a white powder. Yield: 2.2 g (86%). 1 .
